Objectives-Early identification and quantification of bladder damage in pediatric patients with congenital anomalies of the kidney and urinary tract (CAKUT) is crucial to guiding effective treatment and may affect the eventual clinical outcome, including progression of renal disease. We have developed a novel approach based on the convex hull to calculate bladder wall trabecularity in pediatric patients with CAKUT. The objective of this study was to test whether our approach can accurately predict bladder wall irregularity.
P ediatric patients with neurogenic bladder dysfunction are at an increased lifetime risk of irreversible damage to their kidneys from chronic kidney disease progressing to end-stage renal disease requiring dialysis and renal transplantation. Many of these patients have a diagnosis of congenital anomalies of the kidney and urinary tract (CAKUT) spectrum. The pathway of damage occurs via the following pathway: chronically increased intravesical pressure/volume over time causes remodeling of the bladder wall, characterized by bladder wall hypertrophy, which is accompanied by decreased bladder wall compliance. Bladder wall detrusor hypertrophy in the short term can delay diagnosis of a progressive problem because the elevated pressures do not necessarily affect full bladder emptying. Morphologic changes accompanying this process are bladder wall thickening 1 and progressive changes in the bladder wall shape or contour. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Trabeculations on cystoscopy confer a coarsely interwoven appearance to the mucosal surface formed by muscular bundles with deposits of interstitial collagen. 13 Chronically high pressures can lead to small outpouchings of mucosa between layers of hypertrophied bladder wall muscle called cellules. Over time and with continued obstruction, these enlarge to form more overt protrusions called diverticulas. 14, 15 On ultrasound imaging, the composite of these changes can be broadly classified as irregularities in the contour and shape.
The time window between emergence of bladder wall hypertrophy and development of renal damage affords an opportunity for either surgical or medical intervention because the bladder wall hypertrophic phase of damage is often reversible if treated in a timely fashion. [16] [17] [18] Thus, a method to track the level of bladder wall damage quantitatively via an automated approach may afford a valuable additional metric for guiding the timing of intervention to avoid or delay long-term irreversible renal effects.
Currently the favored approach for diagnosis and prognosis is to perform a urodynamic investigation. This procedure is an invasive study and exposes young patients to ionizing radiation when done concurrently with fluoroscopy. In addition, it is not fully quantitative, using a generally agreed-on pressure cutoff to distinguish between healthy and diseased bladder but without useful gradations of disease or a firm understanding of risk progression.
Hence, an alternative method to track bladder damage via ultrasound is desired. We propose a convex hullbased approach and hypothesize that our metric distinguishes healthy from diseased bladders based on ultrasound bladder wall contour irregularity.
Materials and Methods
This work was a Health Insurance Portability and Accountability Act-compliant, Institutional Review Board-approved study. A waiver of consent was obtained. Data were acquired retrospectively from images that had been acquired initially for clinical purposes.
Ultrasound images from a cohort of 20 patients were studied, half of whom had Stage I to V chronic kidney disease, a long-standing neurogenic bladder, or both, whereas the other half had normal renal function without any evidence of long-standing bladder abnormalities. For each patient image, the bladder lumen was manually segmented from the surrounding soft tissues. For the sake of convenience, and since irregularities of shape due to chronic outlet obstruction generally occur in the posterior aspect of the bladder, only the posterior portion of the bladder lumen was segmented out for analysis.
First, we shall define a convex hull. For a set of points M, the convex hull is defined as the smallest convex set that includes M. 19 To our knowledge, no investigator has previously used the convex hull to quantify bladder wall irregularity. Our specific implementation is described below.
Description of Technique
All calculations were performed in MATLAB R2014a (The MathWorks, Natick, MA). For each bladder image, we used the imfreehand function in MATLAB to manually segment the bladder inner/luminal aspect of the bladder. The manual segmentation was performed by a second-year radiology resident (J.N.S.). We included information only about the posterior aspect of the bladder as follows: we traced out the posterior and middle portions of the bladder inner lumen in a manner that reflected its precise shape, and our tracing excluded the anterior-most aspect of the bladder by tracing out a horizontal line one-third of the way to the lumen's anterior tip. In this manner, we generated a binary matrix (1s interiorly, 0s outside) that reflected the luminal shape of the posterior bladder. Then, using the MATLAB function bwconvhull, we generated the lumen's convex hull.
Using MATLAB's bwarea function, we calculated the areas (in units of square pixels) of the bladder lumen and its convex hull. We denoted by T the difference in area between the convex hull and bladder lumen scaled by the lumen area:
We hypothesized that T serves as a metric for the degree of bladder wall irregularity, normally manifested chiefly by trabeculations. This quantity was computed for every patient bladder.
Bladder Volume Calculations
To verify that there were not significant average differences in bladder volume between the patient groups, which might confound differences in T values, we computed bladder volumes for each patient. The first step was calculating the axial bladder lumen area by summing the total number of pixels in the lumen, which gave area in units of square pixels. We converted to square centimeters by using the image resolutions. Then using the formula for the area of a circle, pr 2 , we obtained the radius r of such a circle in centimeters. Finally, we used the formula for a sphere's volume, 4 3 pr 3 , to compute a bladder volume in cubic centimeters. The key assumption in these calculations was that we could approximate a bladder by a circle in cross section and a sphere in 3 dimensions. Although this assumption is likely less accurate for trabeculated than for smooth bladder lumen surfaces, we think that it is adequate for rough quantification.
We observed that similar bladder lumen volumes were measured in the healthy and diseased patient bladders when accounting for age; the diseased bladders were measured at volume fractions of roughly 21% of full bladder capacity based on age, 20, 21 whereas for healthy bladders, the volumes were on average 33% of the bladder capacities. Although similar, the smaller average volumes for diseased bladders were consistent with the wellknown fact that such bladders have high urodynamic pressures at lower volumes given their reduced compliance.
Description of Patient Populations
We analyzed bladder images ultrasound from 20 patients. Ten of these had stage I to IV chronic kidney disease, known long-standing bladder outlet obstruction, or both, with a CAKUT diagnosis. The other 10 patients had normal renal function without clinical evidence of extended bladder abnormalities at the time of imaging. All 10 diseased patients had undergone urodynamic studies to evaluate their bladders, showing lost bladder wall compliance for every patient. None of the healthy patients had had a progressive CAKUT diagnosis or courses of concern for chronic bladder outlet obstruction or injury. All had undergone ultrasound studies. The ultrasound studies had been prompted by screening for spinal concerns (3 patients), urinary tract infection (3 patients), pelvic pain (1 patient), vaginal bleeding (1 patient), proteinuria (1 patient), and a history of pelviectasis on prenatal testing (1 patient).
Comparison With Expert Assessment
We also compared the model's predictions with the evaluations of 2 expert radiologists (G.B. and J.N., both with > 10 years of experience). For each bladder image, the radiologists were asked to select a point that they thought was in the geometric center of the bladder and then to visually assess the degree to which a smooth circle or ellipse described the bladder lumen surface points. In other words, they visually judged the degree to which the radius from the center point to the lumen surface points either did not vary or did so smoothly in going from 0 8 to 360 8. They were then asked to group each bladder into "smooth" and "irregular" categories as marked by a 0 or 1.
These assessments were done independently/ blindly, but only images for which their results were found to be concordant by a third investigator (J.N.S.) were used for comparison with our approach. Values for which their assessment did not agree with our model's prediction or with the other radiologist's subjective assessment were marked as nonagreement with our method. This standard is noted to be stricter standard than if those cases of subjective disagreement were simply discarded.
Results
The ages of the patients ranged from 1 month to 13 years, with 1 additional patient aged 22 years who had had chronic outlet obstruction and severe spectrum CAKUT since childhood. Figure 1 illustrates the process by which the bladder wall irregularity was calculated, demonstrating this process for smooth ( Figure 1 , A and B) and irregular ( Figure 1, C and D) bladders. The smooth bladder lumen can be seen to have fewer/ smaller concavities (versus signal noise) than the irregular bladder. It is because of substantial concavities, which result largely from trabeculations, that the irregular bladder convex hull contains more space that is not covered by the lumen itself (differences shown in red). This factor forms the intuition behind Equation 1 and explains the trend that irregular bladder walls should have higher T values.
In fact, this pattern was the finding that our retrospective cohort manifested. The average T value was roughly 3 times higher for diseased than healthy patients (0.14 [95% confidence interval, 0.10-0.17] versus 0.05 [95% confidence interval, 0.03-0.07] for normal bladders). This disparity was statistically significant (P 5 .0012). The values are displayed by a bar plot in Figure 2 .
Of the 10 diseased bladders, 9 were judged to be trabeculated and irregular by the expert radiologist consensus. Of the 10 bladders without any neurogenic disease processes, 8 were deemed by radiologist consensus to be smooth. These findings correspond to 90% and 80% agreement with our method, respectively.
Discussion
This proof-of-principle study introduces a metric for the degree of bladder wall irregularity, which is an indication disease progression in CAKUT. To our knowledge, such a semiautomated quantity has not previously been introduced.
Our approach has not accounted precisely for urine volume; in future work, this factor could be tightly controlled via catheter-based instillation, as is routinely performed during urodynamic studies. However, it is worth noting that for very diseased bladders, the lack of wall compliance can severely limit the maximal intravesical urine volume. This loss of compliance will affect the validity of judging the bladder to be underfilled either by age-or weight-based estimates. Despite this limitation, similar bladder lumen volumes were measured in the healthy and diseased bladders when accounting for age, as described in the "Materials and Methods" section.
We used axial slices, but future application of the method via midline sagittal views with appropriate segmentation of the posterior bladder segment would provide more standardized sampling. Although we have shown a numeric difference between normal, smooth, and markedly trabeculated/irregular bladders, the broader long-term goal is more specific quantification: in particular, to follow patients over time. This process would likely require standardization of volumes and slice selection/segmentation, as stated above. Ideally, future imaging protocols would emphasize good contrast in pixel intensity between the lumen and surroundings for better segmentation, which may be completely automated if there is very good contrast. In other words, our method will likely be most useful-and in future work will be applied to-patients followed over several years and associated with their progression of disease.
An additional manifestation of bladder damage and elevated pressure is bladder wall thickening, which, as with contour irregularity, is also dependent on the intravesical volume. The thickening can precede trabecularity in some cases. This feature may be included in future calculations to give a more complete evaluation of bladder wall damage. An additional venue for further work might use 3-dimensional bladder ultrasound, 22 which could provide direct volume measurements. Generalization of the convex hull approach to 3 dimensions is anticipated to be straightforward. Overall results. The average T value for the diseased patient population is given by the height of the bar on the right, with 95% the confidence interval illustrated by the red error bars. The corresponding values for the healthy patient population are seen in the bar on the left. The diseased population had a higher average T value by a factor of roughly 3, with nonoverlapping 95% confidence intervals and statistically significant P <.01. 
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